ABSTRACT: Two soil moisture probes from Decagon Devices were calibrated to measure volumetric water content and salt concentration in the soil's moisture. The probes used were the EC-5 and EC-10 models, and the soil used has a USCS classification of SP or poorly graded sand. The EC-10 probes were found to work well for determining the salt concentration, in parts per million, of the soil if the volumetric water content is already known. The EC-5 probes also proved useful for the determination of salt concentrations, but the EC-10 probes proved to be more accurate. Soil-specific calibration curves were developed for both probes for use in saline soils at a range of volumetric moisture contents. Both probes were found to be useful for determining the volumetric water content of soils with no salt present. The probes have each have a very similar calibration curve in non-saline soils so a single curve was developed for both the EC-5 and EC-10.
INTRODUCTION
Salt accumulation at the ground surface poses a problem for both agriculture and structures in many arid regions around world. The salts, often geological in origin, migrate to the surface with upseeping capillary groundwater. The salts are deposited at the ground surface when the migrating water evaporates. Salt deposition continues as long as this mechanism of transport is available and the salt is typically seen as a white efflorescence at the surface. This has become a problem in several floodplain areas where a river has been impounded upstream. The impounded river can no longer flood its valley and remove accumulated salts; therefore, the salt concentration in the surface soil rises over time. This salt accumulation becomes problematic when the concentrations reach levels that inhibit plant growth or lead to the deterioration of rock or concrete structures built on the soil. The application of fresh water at the ground surface has proven to be an effective method of removing these accumulated salts. Water application can be automated and optimized by using soil moisture probes that constantly measure the soil water content. These probes can also be used as sensors for an irrigation system that is turned on when the soil is drier than desired and turned off once proper moisture content has been reached. This preliminary study was conducted to assess the performance of soil moisture probes in soils with salt dissolved in the soil's moisture.
EC-5 and EC-10 soil moisture probes from Decagon Devices of Pullman, Washington, were used to in this study. The probes are connected to a weather resistant data logger which can be programmed to take readings at specified time intervals. The probes, soil, and data logger are pictured in Figure 1 . The data is then downloaded to a personal computer using a program supplied by the manufacturer.
FIG. 1 EC-5 and EC-10 soil moisture probes.
The probes both provide measurements of volumetric water content by measuring the dielectric permittivity of the surrounding soil. From this value of dielectric permittivity, reported in millivolts, volumetric water content is determined. When properly calibrated the EC-10 probes are accurate to within +/-0.04 m 3 /m 3 of the soil's actual volumetric water content, and the EC-5 probes are accurate within +/-0.0003 m 3 /m 3 (Decagon Devices, 2005) . In contrast with the weight-based water content commonly used in geotechnical engineering, Decagon probes measure volumetric moisture content, which is a nondimensional quantity typically reported as a percentage. The volumetric water content of a soil is defined as the volume of water divided by the total volume of the soil and water matrix. As is customary in the soil science field, volumetric water content data will be presented in this paper using the units of m 3 /m 3 . Because the permittivity of water is directly affected by dissolved ions in the soil moisture, this study was performed to determine the effects of salinity on the EC-5 and EC-10 probes in given soil.
PROCEDURE
The soil used in this investigation was poorly graded sand classified as SP using the USCS classification system. Figure 2 shows the grain size distribution curve of this soil. This particular soil was chosen because it is being used in a continuing laboratory salt migration study at the University of Missouri-Rolla. All soil was oven dried for 24 hours at 110º C before samples were prepared. The minimum and maximum dry density of the soil was found according to ASTM D4253-00 -Standard Test Methods for Maximum Index Density and Unit Weight of Soils Using a Vibratory Table. The minimum and maximum dry densities were found to be 1.63 and 2.03 grams per cubic centimeter respectively. 
Probe Tests Without Salt
Two clear containers were constructed with markings at volumetric intervals of 50 cm 3 from 1200 cm 3 to 1400 cm 3 . This allowed the density, volumetric water content, and void ratio of the soil to be determined. The containers were designed to be large enough to hold either probe when fully inserted into the soil, but to have a small enough clearance under the probe to reduce the effects of water to the bottom of the sample at higher water contents.
Soil samples were then prepared at specific water contents by weight ranging from 0% to 20% in increments of 4%. The samples were mixed in a bowl by adding the proper amount of water to 2200 grams of dry soil to arrive at the desired moisture content. Two samples were prepared at the moisture content and tested at the same time in two identical containers.
For each sample except the 0% and 4% samples, two EC-5 probes and two EC-10 probes were used. In all testing the raw probe output, in millivolts, were recorded. Each sample was then weighed, put into a pan, and baked overnight to determine the actual moisture content. One of the two containers for each moisture content was divided into thirds and the top third and bottom third were placed in separate moisture pans to assess water migration vertically in the containers. Again, the depth of the container was designed to accommodate the length of the probe while keeping the depth of soil below the probe to a minimum. This was important to maximize the probes surface contact throughout the depth of the prepared specimen. Table 1 shows the effects of water migration from the top third to the bottom third of each sample. 
Probe Tests With Salt
The soil was then subjected to testing with salt added to the soil-water matrix. The water contents ranged from 0 to 6 % to keep moisture concentrating at the bottom of the container to a minimum. The salt concentrations ranged from 0 to approximately 3800 ppm, or 0 to 8 grams of salt being added to the soil sample. The range of salt concentrations was chosen based on field observation of soils in areas with a high salt buildup with adverse affects on structures built in the soils. The salt used was iodine-free granular table salt.
The containers used in the salt-free tests were also used for the tests with salt. The equivalence of 54 samples was made for the tests with salt, with only one sample prepared for each salt and moisture content studied. Instead of making 54 fresh samples, a system was devised where a specific amount of water and salt was added to the 2200 grams of soil. After testing was performed on this initial sample; water, with a specific amount of salt dissolved into it; was added to the original sample. This method allowed several salts and moisture contents to be tested iteratively, reducing the amount of soil required for testing. This method resulted in only 14 individual samples being used to test the 54 different soil, salt and moisture mixtures.
The samples consisted of 2200 grams of dry soil being placed in a pan. The amount of salt required for the specific iteration was dissolved into the required amount of water, and the solution was added into the soil and mixed thoroughly. The soil was then placed in the container, weighed, and probe readings were taken. To move the sample to the next iteration it was placed into a separate pan again, and the amount of water needed to bring it up to the next moisture content point and one gram of salt were added. The soil was then placed back in the container, weighed again, and probe readings taken. Two EC-5 and EC-10 probes each were used on each sample and all data was recorded in millivolts for analysis.
DATA ANALYSES Samples Without Salt
The actual moisture content, as measured after the test, was used for analysis of the soil probe readings. These moisture contents were found by weighing the soil before and after oven drying. The volumetric water content was calculated, as the volume of water and total volume of soil were both known. Because the weight based water content was used for mixing samples the volumetric water contents reported may seem to be odd at increments. Additionally, the void ratio and dry unit weight was determined for each sample.
It was found that once the weight based moisture content exceeded 4% the water in the sample tended to seep toward the bottom of the container. As the moisture content increased the concentration of water in the bottom third of the sample became more pronounced. The 20% moisture content sample was saturated and standing water existed on the top of the sample.
The calibration curves for the EC-5 and EC-10 probes exhibited a linear relationship of probe reading versus raw output in millivolts throughout the moisture contents tested. Additionally, both types of probes performed consistently with each other. All EC-5 and EC-10 data without salt are presented in Figure 3 . The calibration equation for either probe is θ = 0.0013x-0.5029, where θ is the volumetric water content and x is the probe reading in millivolts. 
EC-5 and EC-10 Calibration

Samples Without Salt
The data analysis consisted of the determination of the amount of water in the sample at each data point, the amount of salt in the sample, and the dry density and unit weight of the sample at each data point. To do this the percentage of the weight of the sample compared to the sample's previous weight was found. This was then multiplied, in decimal form, by the amounts of water and salt in the pervious data point. The added amounts of water and salt were then added to these values get the totals of each in the sample at each data point. This accounted for the loss of soil occurring when transferring the soil from container to bowl and back. The volume of the mixture and weight of each constituent of the sample was known, allowing the volumetric water content and salt concentration in parts per million (ppm) to be determined. The calculation of ppm was based on the total soil sample weight, including water and solids. Since the samples were prepared by weight based water content, the values for volumetric water content appear strange. The data was compiled into table form. Table 2 shows the form of these tables, and lists data for the iteration of 5% water content and 8 grams of salt added. Graphs were constructed by graphing the probe readings against the salt concentrations for a single volumetric water content. The EC-10 data was found to be more consistent than the EC-5 data. As the volumetric water content increased beyond .0296 the EC-5 data became scattered. Calibration curves relating volumetric water contents and salt content were then determined using a spreadsheet program. The EC-10 fit an exponential form best and the EC-5 data fit a linear form best. Figure 4 shows the EC-10 data for the 0.0653 volumetric water content, and depicts the usual form of the EC-10 data.
The calibration curves for the EC-10 are very consistent in both water content and salinity measurements, and should be of great use for determining the salinity of the soil. The EC-5 calibration curves did not come out as consistent as the EC-10, indicating that they are not as useful for determining soil salinity. The calibration curves for the EC-10 probes are listed below in Table 3 . 0.0742 y = 53.901x -24774 EC-10 0.0154 y = -0.0801x 2 + 93.317x -24590 EC-10 0.0296 y = -0.0013x 2 + 12.824x -5200.9 EC-10 0.0431 y = 0.0151x 2 -9.8314x + 1576.5 EC-10 0.0538 y = 0.0085x 2 -4.1635x + 242.65 EC-10 0.0653 y = 0.0131x 2 -11.356x + 2526.6 EC-10 0.0742 y = 0.0143x 2 -13.622x + 3283.9 where, y = salt concentration in ppm x = probe reading in millivolts
CONCLUSION
The EC-10 soil moisture probe is useful when used properly in situations where salt accompanies soil moisture. This soil probe exhibits a linear variation in reading versus moisture content when no salts are present in a soil. When salt is present the dielectric content of the soil matrix increases. This increase is recorded as an increase in dielectric constant by the EC-10 probe. In cases where both moisture and salt are present in a soil, one of these two quantities needs to be found independently.
